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A new set-up for microwave-assisted acid hydrolysis (MAAH) with high efficiency and
reproducibility to degrade proteins into peptides for mass spectrometry analysis is described.
It is based on the use of an inexpensive domestic microwave oven and can be used for low
volume protein solution digestion. This set-up has been combined with liquid chromatogra-
phy electrospray ionization quadrupole time-of-flight mass spectrometry (LC-ESI QTOF MS)
for mapping protein sequences and characterizing phosphoproteins. It is demonstrated that
for bovine serum albumin (BSA), with a molecular mass of about 67,000 Da, 1292 peptides (669
unique sequences) can be detected from a 2 g hydrolysate generated by trifluoroacetic acid
(TFA) MAAH. These peptides cover the entire protein sequence, allowing the identification of
an amino acid substitution in a natural variant of BSA. It is shown that for a simple
phosphoprotein containing one phosphoform, -casein, direct analysis of the hydrolysate
generates a comprehensive peptide map that can be used to identify all five known
phosphorylation sites. For characterizing a complex phosphoprotein consisting of different
phosphoforms with varying numbers of phosphate groups and/or phosphorylation sites, such
as bovine S1-casein, immobilized metal-ion affinity chromatography (IMAC) is used to enrich
the phosphopeptides from the hydrolysate, followed by LC-ESI MS analysis. The MS/MS data
generated from the initial hydrolysate and the phosphopeptide-enriched fraction, in combi-
nation with MS analysis of the intact protein sample, allow us to reveal the presence of three
different phosphoforms of bovine S1-casein and assign the phosphorylation sites to each
phosphoform with high confidence. (J Am Soc Mass Spectrom 2010, 21, 1573–1587) © 2010
American Society for Mass SpectrometryProtein sequence mapping is commonly used tostudy post-translational modifications of a pro-tein or amino acid substitutions from point mu-
tations in the genome. Ideally, the entire amino acid
sequence of a protein should be mapped to pinpoint
where a modified amino acid or a substitution is
located. Mass spectrometry (MS) has become an indis-
pensable tool for protein sequence mapping [1, 2]. This
is usually done by using a top-down or a bottom-up
proteomic approach [1–12]. In the top-down method, a
protein ion is dissociated in a tandem mass spectrome-
ter (MS/MS) and the fragment ions generated are
interpreted to generate a stretch of amino acid sequence
information. Sequence coverage by this method is depen-
dent on the nature of the protein, ranging from a few
residues to a full sequence [12]. In general, full sequence
information is difficult to obtain for a protein with molec-
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doi:10.1016/j.jasms.2010.04.014ular mass of 20,000 Da [12]. The bottom-up approach is
a robust method for protein identification based on se-
quencing by MS/MS one or more peptides generated by
chemical or enzymatic degradation of a protein. For a
protein digest, such as that produced by trypsin digestion,
one or a few peptides are sequenced, resulting in only a
partial coverage of the protein sequence. To increase the
sequence coverage of a protein by the bottom-up method,
multiple enzyme or chemical degradation experiments
can be done to generate complementary sequence infor-
mation. However, this is a time-consuming process and
there is no guarantee that the peptides produced from the
multiple digestions will cover the entire sequence of a
protein. In some cases, the combination of top-down and
bottom-up methods is used to increase sequence coverage
[4, 7, 12].
An alternative MS technique for protein sequence
mapping is based on the use of microwave-assisted acid
hydrolysis (MAAH) to degrade the protein into pep-
tides, followed by MS analysis [13–16]. When a strong
acid, such as 6 M HCl is used for MAAH and a
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the hydrolysate generated from a protein consists of
mainly terminal peptides [13, 16]. Analysis of the pep-
tide mixture by matrix-assisted laser desorption/
ionization (MALDI) time-of-flight (TOF) MS results in a
spectrum composed of peaks from both the N- and
C-terminal peptides. Deconvolution of these peaks into
two series of peptide peaks and determination of the
mass difference from adjacent peaks of N- or C-terminal
peptide series (i.e., sequence ladders) allows the protein
sequence to be mapped. A complete sequence can be
read from a protein of up to 18,000 Da (e.g., human
hemoglobin). The sensitivity of MALDI-TOF at the
high mass region determines the upper mass limit of
a protein that can be fully sequenced. Even with
state-of-the-art TOF instruments, the detection sensi-
tivity at 18,000 Da is not sufficient to generate any
useful signals from a protein hydrolysate. Thus, for
higher mass proteins, only partial sequences from the
N- and C-terminus can be obtained by this HCl
MAAH technique.
If HCl is replaced by 25% trifluoroacetic acid (TFA)
for MAAH and the irradiation time is increased to 8 to
10 min, proteins can be degraded into small peptides
[14]. These small peptides have molecular masses of up to
about 3,000 Da that are ideal sizes for MS/MS using
collision-induced dissociation (CID) in a tandem mass
spectrometer. These peptides consist of both terminal and
internal peptides and, thus, unambiguous sequence lad-
der information cannot be obtained byMS analysis. How-
ever, LC-MS/MS analysis of the hydrolysate, followed by
a protein database search, can result in identification of
these peptides. In the work by Zhong et al., it was shown
that the sequence of bacteriorhodopsin (24,000 Da) could
be mapped with 95% coverage [14]. This original work
was carried out using LC-MALDI MS/MS in a quadru-
pole time-of-flight (QTOF) mass spectrometer.
Recently, microwave-assisted chemistry has been
used in a wide range of protein sample preparations for
proteome analysis [15, 17–29]. Dedicated microwave
ovens designed for handling low volumes of samples
are now commercially available [15]. Alternatively, an
inexpensive household microwave oven can be used.
However, one major concern in using this type of oven
is whether it can generate reproducible results for mass
spectrometric analysis. In this work, we report a simple
and robust technique for carrying out MAAH using a
household microwave oven and demonstrate that pep-
tides can be generated with high reproducibility. This
MAAH technique was then combined with nano-LC
electrospray ionization (ESI) QTOF MS for sensitive
sequencing of the resultant peptides. We demonstrate
that using one-dimensional (1D) LC-ESI MS/MS for the
analysis of TFA MAAH hydrolysates, bovine serum
albumin (BSA) (66,500 Da) could be sequence-mapped
with almost complete coverage, allowing the detection
of a BSA variant with one amino acid substitution. In
addition, phosphorylation sites of bovine -casein
could be completely mapped. In characterizing a morecomplex sample, bovine -casein, we developed and
applied a strategy of analyzing the hydrolysate before
and after phosphopeptide enrichment by immobilized
metal-ion affinity chromatography (IMAC) to provide a
detailed sequence map as well as comprehensive phos-
phorylation site coverage. Three phosphoforms of bo-
vine -casein were identified with their phosphoryla-
tion sites determined.
Experimental
Chemicals and Reagents
Dithiothreitol (DTT), trifluoroacetic acid (TFA), LC-MS
grade formic acid, bovine serum albumin, -casein,
-casein, and other protein standards were purchased
from Sigma-Aldrich Canada (Markham, ON, Canada).
LC-MS grade water, acetonitrile (ACN) and the micro
centrifuge tube holders were from Fisher Scientific
Canada (Edmonton, Canada).
Microwave-Assisted Acid Hydrolysis
Ten L (1 g/L) of the protein solution was mixed
with an equal volume of 20 mM DTT in a 1.5 mL
polypropylene centrifuge vial and incubated at 60 °C
for 20 min. Twenty L 50% (vol/vol) TFA was added to
the sample solution after incubation. The vial was then
capped, sealed with Teflon tape, and placed in a do-
mestic 900 W (2450 MHz) microwave oven (Panasonic,
London Drugs, Edmonton, Canada). For the traditional
microwave method, 100 mL of water in a loosely
covered container was placed beside the sample vial to
absorb extra microwave energy [13, 14]. For the new
and improved microwave method, the sample vial was
placed on a Scienceware round bubble rack (Fisher
Scientific, Edmonton, Canada) and floated in a plastic
beaker, which contained 100 mL of water (see Supple-
mental Figure S1, which can be found in the electronic
version of this article). The beaker was placed in the
center of the rotating plate in the microwave oven. For
the location dependence study (see Results and Dis-
cussion and Supplemental Figure S2), the plastic
beaker was placed off-center in the microwave so that
the sample positions were randomly distributed in
the microwave oven. The sample volume used for
MAAH (40 L) was limited and thus the relatively
large sample vial capped and sealed with Teflon tape
could tolerate the vapor pressure produced when the
sample was microwave irradiated. After microwave
irradiation for a period indicated in the Results and
Discussion, the sample vial was taken from the
microwave oven and the solution was dried in a
SpeedVac to remove the acid. The protein digest was
re-suspended in 50 L of 0.1% formic acid aqueous
solution and centrifuged at 14,000 rpm for 5 min to
remove any possible residual particles. A portion of
the hydrolysate was injected into the LC-MS/MS
system for separation and sequencing.
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to 54 min, including 20 min for DTT reduction, 1 min
for adding acid and sealing the vial, up to 10 min for
MAAH, 20 min for removing the acid, 1 min for
reconstituting the hydrolysate in 0.1% formic acid,
and 2 min for centrifugation of the resultant sample
that is ready for LC-MS/MS.
IMAC Enrichment of Phosphopeptides
For the analysis of the -casein sample, a portion of the
hydrolysate was subjected to IMAC phosphopeptide en-
richment using Fe-IMAC resin (Phos-Select iron affinity
gel; Sigma, Ontario, Canada). The SpeedVac dried hydro-
lysate sample was re-suspended in 30% acetonitrile
(ACN) mixed with 250 mM acetic acid and the peptides
were loaded onto the Fe-IMAC resin. The resin was
washed three times with 30% acetonitrile (ACN)/250 mM
acetic acid, two times with water after 2 h incubation at
ambient temperature. The phosphopeptides were then re-
leased from the resin with 400 mM ammonium hydroxide.
LC-ESI QTOF MS and MS/MS
Hydrolysates of protein solutions were analyzed using
a QTOF Premier mass spectrometer (Waters, Manches-
ter, U.K.) equipped with a nanoACQUITY Ultra Perfor-
mance LC system (Waters, Milford, MA, USA) [21, 30].
In brief, 5 L of peptide solution was injected onto a 75
m 150 mm Atlantis dC18 column with 3 m particle
size (Waters). Solvent A consisted of 0.1% formic acid in
water, and Solvent B consisted of 0.1% formic acid in
ACN. Peptides were first separated using 120 min
gradients (2%–6% Solvent B for 2 min, 6%–25% Solvent
B for 95 min, 30%–50% Solvent B for 10 min, 50%–90%
Solvent B for 10 min, 90%–5% Solvent B for 5 min; the
column was pre-equilibrated at 2% Solvent B for 20
min) and electrosprayed into the mass spectrometer
(fitted with a nanoLockSpray source) at a flow rate of
300 nL/min. Mass spectra were acquired from m/z 300
to 1600 for 0.8 s, followed by four data-dependent
MS/MS scans from m/z 50–1900 for 0.8 s each. The
collision energy used to perform MS/MS was varied
according to the mass and charge state of the eluting
peptide. Leucine enkephalin and (Glu1)-fibrinopeptide
B, a mixed mass calibrant (i.e., lock-mass), was infused
at a rate of 300 nL/min, and an MS scan was acquired
for 1 s every 1 min throughout the run.
Protein Database Search
Raw MS and MS/MS data were lock-mass-corrected,
de-isotoped, and converted to peak list files by ProteinLynx
Global Server 2.3 (Waters). Peptide sequences were
identified via automated database searching of peak
list files using the MASCOT search program (http://
www.matrixscience.com). Database searches were re-
stricted to the protein sequence of the corresponding
protein downloaded from the SwissProt database.
The following search parameters were selected for alldatabase searching: enzyme, nonspecified; missed
cleavages, 1; peptide tolerance, 30 ppm; MS/MS
tolerance, 0.2 Da; peptide charge, (1, 2, and 3);
variable modifications, oxidation (M), deamidation of
asparagine and glutamine. The search results, including
unique peptide sequences, ion score, MASCOT thresh-
old score for identity, calculated molecular mass of the
peptide, and the difference (error) between the experi-
mental and calculated masses were extracted to Excel
files. All the identified peptides with scores lower than
the MASCOT identity threshold scores for identity were
then deleted from the list. For the phosphopeptide
matches, manual inspection of the MS/MS spectra and
peak assignments was performed to confirm the phos-
phorylation site assignment. To increase the confidence
of phosphopeptide identification and site assignment,
evidence of three or more peaks from the phosphory-
lated fragment ions must be present in a MS/MS spec-
trum for it to be considered to be a positive match. This
manual inspection process was a manageable task as
many phosphopeptides containing a phosphorylation site
shared similar sequences with differences in a few amino
acids at the terminus (i.e., phosphopeptide ladders). Fu-
ture work on automation of protein modification assign-
ment based on the peptide ladders and sequences gener-
ated should greatly facilitate data interpretation related to
the TFA LC-MS/MS technique.
Results and Discussion
New Setup for MAAH
LC-ESI MS/MS is a sensitive technique for sequencing
peptides and, thus, small variation of the peptide com-
position in the hydrolysate generated from the TFA
MAAH process can affect the final results. Household
microwave ovens are known to have “hot” spots due to
unevenly distributed microwave radiation [31, 32]. To
examine the effect of sample location inside the micro-
wave oven on data reproducibility, we placed four vials
of a BSA solution containing TFA at different locations
on the rotating plate (see Supplemental Figure S2A for
illustration) and a beaker containing 100 mL of water
beside the sample rack. After microwave irradiation for 10
min, the samples were taken out, processed, and analyzed
by LC-ESI QTOF MS. Table 1 summarizes the number of
peptides detected and the average MASCOT scores of
peptide identification for the four samples. Clearly, the
numbers and scores are different, indicating that sample
location inside the oven affects the results.
Both heat and microwave radiation play important
roles in determining the reaction outcome in microwave-
assisted chemistry, although the exact role of microwave
radiation is still unknown [33–36]. It has been shown that
direct heating of a protein solution mixed with an acid
without microwave irradiation may result in protein ag-
gregation, preventing the complete hydrolysis of the sam-
ple [13, 14]. This is particularly true for hydrophobic
membrane proteins [14, 21]. Furthermore, a protein sam-
98.1
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MAAH—merely suspending the protein sample in TFA is
sufficient for acid hydrolysis [21, 37]. However, in the
traditional microwave experiment using a household mi-
crowave oven [13, 14, 38], a sample vial containing a low
volume of solution (40 L) only absorbs a small fraction of
the microwave energy. The solution temperatures in the
vials placed at different locations might be different,
resulting in different rates of hydrolysis. To create more
uniform heating, we placed the sample vial inside a
beaker filled with water (see the schematic shown in
Supplemental Figure S1). The relatively larger volume of
water in the beaker was heated to boiling during the
microwave process. The sample solution placed inside a
sealed sample vial appeared not to be boiled to a great
extent, as the majority of the solution still remained at the
bottom of the sample vial after themicrowave experiment.
The pressure inside the vial might be greater than one
atmosphere, thus increasing the boiling point of the solu-
tion. The solution temperature in the vial is unknown, as we
could not measure the temperature using the simple set-up.
Almost identical ion chromatograms of the BSA hydro-
lysates were produced by using this new microwave
heating method from the samples at different locations
(see Supplemental Figure S2B for sample location illustra-
tion). For comparison, the numbers of peptides and aver-
age MASCOT scores from these LC-ESI MS/MS runs are
listed in Table 1. The numbers and scores generated for
these four samples are almost the same. We also found
that day-to-day reproducibility was very good using this
method. From this work, we can conclude that acid
hydrolysis can be reproducibly carried out using an inex-
pensive household microwave oven with the new set-up
shown in Supplemental Figure S1.
Complete Sequencing of BSA and Identification of
an Amino Acid Substitution
The sequence coverage of the hydrolysate of BSA was
investigated. The entire sequence of BSA, as shown in
Supplemental Figure S3, was covered by the peptides
detected from the LC-ESI MS/MS analysis of the
Table 1. Summary of the number and the average MASCOT m
of individual hydrolysates. Protein samples were placed at differ
Figure S2); and subjected to TFA MAAH using the traditional an
Average number of unique peptides Seque
Old set-up
Position a 437  11
Position b 299  4
Position c 410  8
Position d 388  5
New set-up
Position a 682  16
Position b 702  21
Position c 648  2
Position d 698  12hydrolysate. In our initial MS/MS search using theSwissProt database, we missed one amino acid, residue
214, which was listed as A (alanine) in this database.
This was quite odd, as all other amino acids were
covered by the peptides detected. After searching the
literature, it was found that this amino acid has been
documented to be T (threonine), a natural variant site
[see SwissProt database, P02769 (ALBU_BOVIN)] [39].
In our experiment, we positively confirmed that this
sample was BSA with T in residue 214. This confirma-
tion is illustrated in the three MS/MS spectra shown in
Figure 1. A MASCOT database search against the BSA
sequence with T-214 resulted in the matches of the mass
spectra to the three peptide sequences shown in Figure
1. In contrast, when T was replaced by A, no matches
were found. Comparison of the three MS/MS spectra
shown in Figure 1 also provides unambiguous sequence
assignment to the last few amino acids in the C-
terminus. For example, the fragment ions, y11 in Figure
1a, y12 in Figure 1b, and y13 in Figure 1c, belong to the
same series that together indicate the extension of the
sequence from ACLLPKIETMREKVL, to ACLLPKIETM-
REKVLT, then to ACLLPKIETMREKVLTS.
There were in total 1292 peptides (669 of them were
unique in sequence) detected from the BSA hydrolysate
using LC-ESI MS/MS. The peptides detected and their
sequences along with MASCOT scores are listed in
Supplemental Table S1. These peptides are mainly from
the internal peptides produced during the MAAH
process. The molecular masses of peptides range from
521 to 4453 Da with charge states of 1 (eight peptides),
2 (217 peptides), 3 (209 peptides), and 4 (235 pep-
tides). Although many of the peptides do not contain
arginine or lysine at the C-terminus as in the case of tryptic
peptides, these peptide ions can be readily dissociated,
generating sufficiently high quality MS/MS spectra for
database searching. For this dataset, there appears to be
some preferential detection of peptides with glycine or
alanine at either C- or N-terminus. Both hydrolysis and
ionization processes may contribute to the biased detec-
tion. More work is required to understand the specificity,
if any, in bond breakage during the acid hydrolysis using
TFA. In addition, it would be interesting to compare the
g score of peptides identified from LC-ESI QTOF MS analysis
cations inside a domestic microwave oven (Supplemental
microwave set-ups
overage (%) Total peptide score Average peptide score
 0.3 30883  1164 40.2  0.2
 0.1 17979  369 36.8  0.2
 1.3 26870  237 39.0  1.0
 1.8 24821  907 38.8  0.6
 0.1 54154  669 44.0  0.3
 0.1 54744  987 43.7  0.2
 0.3 52437  611 43.7  0.3
 0.7 54125  341 43.7  0.1atchin
ent lo
d new
nce c
87.1
83.6
85.5
86.1
98.5
98.6
98.3ionization efficiency and MS/MS spectral quality for da-
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or lysine to those with terminal arginine or lysine.
Database and MASCOT Search
In a conventional proteomic analysis workflow, all
Figure 1. MS/MS spectra of three peptides m
variant site of BSA. The matched peptide sequen
ion peak assignments.sequences of proteins of the proteome of interest areentered into the database for MS/MS spectral search
using search engines such as MASCOT. However, in
this work, only the protein(s) of interest (e.g., BSA) was
entered into the database. This was done after the
following careful considerations.
We found that compared with database search using
ed with sequences near residue 214, a natural
re shown in the spectra along with the fragmentatch
ces athe BSA sequence only, the MASCOT score of each
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was appended to a proteome database, e.g., the E. coli
proteome consisting of over 4300 sequences. Thus, the
main parameter for gauging the quality of the spec-
trum, i.e., MASCOT score, was not affected by the
database size.
To determine how database size would affect the
search results, we did another comparison where the
search results of the MS/MS spectra generated from
the LC-MS/MS analysis of 200 fmol BSA tryptic
digest were produced by using the database of BSA
only or BSA plus the E. coli proteome. Carbamidom-
ethyl (C) was selected as fixed modification and
oxidation (M) was selected as variable modification
for database search. All the other search parameters
were the same as the ones chosen for MAAH data. In
total, 71 tryptic peptides were matched using the BSA
sequence alone with a protein sequence coverage of
63%, while 70 tryptic peptides and 63% coverage were
found using the database of BSA plus the E. coli
proteome. The identity threshold was 13 when the
database contained only the BSA sequence. This thresh-
old increased slightly to 14 when BSA plus E. coli was
used. Overall, there was little effect of database size on
MASCOT search results for the tryptic digest of BSA.
However, due to the nonspecific cleavage feature of
the acid hydrolysis process, no enzyme parameter was
chosen for MASCOT search of the data acquired from
the MAAH experiment. This selection, although correct,
greatly increased the MASCOT identity threshold. The
same BSA tryptic digest LC-MS/MS data were searched
against the BSA protein alone without choosing any
specific enzyme. The identity threshold for all the
peptides stayed at 13. In total, 108 peptides were
matched, covering 65% of the protein sequence, by
searching against BSA (some semi-tryptic peptides
were identified and manually confirmed, likely due to
the presence of degraded fragments of BSA in this
sample and/or non-specific cleavage during trypsin
digestion). However, when searched against BSA plus
E. coli database, we found that the identity threshold
increased to 34. Both the number of matched peptides
and sequence coverage dropped significantly to 75
peptides and 55%, respectively. As all other parameters
stayed the same except the database was changed, the
MASCOT score for each MS/MS spectrum stayed the
same. Again the parameter for gauging the quality of
the spectral match was not affected by the size of the
database.
We also compared the search results generated using
the two databases mentioned above for the MAAH data
of BSA. Using BSA alone for database search, as indi-
cated earlier, there were in total 1292 peptides (669
unique sequences) detected from the BSA hydrolysate,
representing 100% protein sequence coverage. Using
the same dataset searching against the BSA plus E. coli
proteome database, we found 632 peptides and 407 of
them were unique, representing 96% coverage. The loss
of 262 unique peptides was due to the significantincrease of peptide identity threshold; the scores of all
peptide matches stayed the same, but the identity
threshold increased from 16 to about 42.
The above results indicate that the MASCOT scoring
algorithm places a very heavy weight on enzyme spec-
ificity (the actual weighing factors are unknown). This
is perhaps justified as random matches of peptides
without the constraint of specific terminal amino acids
are expected to increase as the database size increases.
The use of a very high threshold score minimizes the
possibility of false positive match. However, this is
done at the expense of sensitivity, i.e., many matches
with scores between 16 and 42 may be falsely elimi-
nated. Indeed, in the BSA MAAH dataset, manual
inspection of the MS/MS spectra with matching scores
above a threshold set by searching the BSA alone (i.e., a
threshold of 16) suggested that these spectra were
correctly matched. In the MAAH database, manual
MS/MS interpretation can be readily done by examin-
ing the peptide ladders; spectra of peptide ladders with
a stretch of common amino acid sequence share similar
fragmentation patterns in the product ion spectra (see
Figure 1 as an example). Thus, we conclude that the use
of a database consisting of one or a few proteins for
MASCOT search is justified for the LC-MS/MS data
generated from the hydrolysate of one or a few pro-
teins, and is a preferred approach, compared with the
use of a database constructed by appending the pro-
tein(s) of interest to a proteome database.
Optimization of MAAH
Acid type and concentration have been investigated in
the previous study and the use of 25% TFA was found
to be optimal for generating peptides for MS/MS [14].
With the possibility of generating reproducible data by
using the new microwave hydrolysis set-up, we can
now investigate the effect of microwave irradiation time
on the peptide identification results. A series of LC-ESI
MS ion chromatograms of the BSA hydrolysates pre-
pared by using different irradiation times (i.e., 2.5, 5,
7.5, and 10 min) were obtained (see Supplemental
Figure S4). The base peak ion chromatograms, particu-
larly the relative peak intensities of the late eluting
peptides (between 85 and 105 min) compared with the
early eluting peptides, are different, indicating that the
peptide compositions of the hydrolysates were notice-
ably different. Generally, larger peptides are found in
the late eluting chromatographic peaks (i.e., retention
time50 min) and smaller peptides tend to elute earlier
in the reversed-phase separation, although charge states
and other interaction forces affect the retention proper-
ties of peptides. When the irradiation time increases,
shorter peptides are generated. This can be seen by
comparing the relative peak intensities of the ion chro-
matograms, e.g., Figure S4A versus S4C. However, the
chromatograms shown in Figure S4C (7.5 min irradiation)
and S4D (10 min irradiation) appear to be similar. To
investigate this trend further, we can compare the number
1579J Am Soc Mass Spectrom 2010, 21, 1573–1587 MICROWAVE-ASSISTED ACID HYDROLYSIS MSof unique peptides identified and sequence coverage
obtained from the LC-ESI MS/MS chromatograms shown
in Figure S4. The number of identified peptides and
sequence coverage were 515 and 88.9% for the 2.5-min
run (the missed amino acids were 200CLLPKIETMREKV-
LTSSARQRLRC223, 247PKAE250, 475YLSLILNRLCVL-
HEK489, 536ICTLPD541, 558HKPKATEEQLKTVMEN573),
586 and 97.6% for the 5-min run (the missed amino acids
were 542TEKQIKKQ549, 563TEEQLK568), 669 and 100% for
the 7.5-min run, and 672 and 99.5% for the 10-min run (the
missed amino acids were I536, C537, D586). This BSA work,
along with studies of other proteins, such as insulin,
ubiquitin, cytochrome c, and myoglobins (data not
shown), indicates that irradiation time of between 7.5
and 10 min is optimal in generating the peptides for
LC-ESI MS/MS. Note that these results were obtained
from a 900 W household microwave oven. For a higher
power microwave oven, the hydrolysis time likely
needs to be reduced and should be optimized to achieve
the best performance. The performance of MAAH was
found to be the same in two brands of 900Wmicrowave
oven, Panasonic and Sunbeam (The Superstore, Edm-
onton, Canada).
Another set of experiments was carried out to com-
pare the hydrolysis efficiency of MAAH to that of
simple heating without microware irradiation where
sample vials were placed in boiling water. MALDI-TOF
MS analysis of the hydrolysates generated by using
different heating times (i.e., 2.5, 5, and 7.5 min) showed
strong protein signals, indicating that the hydrolysis by
heating even at 7.5 min was incomplete, compared with
complete hydrolysis in 7.5-min MAAH. In addition, 905
peptides (588 unique ones) were identified from the LC
ESI MS/MS analysis of the hydrolysate produced from
the 7.5-min boiling experiment, compared with 1292 pep-
tides (669 unique ones) from the 7.5-min MAAH experi-
ment. The 588 unique peptides covered 88% of the protein
sequence, as opposed to almost 100% coverage inMAAH.
These results indicate that simple heating is not as efficient
as MAAH for hydrolyzing proteins.
The minimum amount of sample required to generate
near complete sequence coverage was investigated using
BSA as a standard. The number of peptides identified
and sequence coverage were 416  16 and 94.0% 
2.7% (two replicates; the missed amino acids were
56QQC58, 214TSSARQRLRC223, 569TVME572 in run 1,
and 52SQYLQQC58, 200CLLPKIETMREKVLTSSARQR-
LRC223, 268CCH270, D474, 536ICTLPD541, 569TVMEN573,
586DKEAC590 in run 2) when 0.5 g of the BSA
hydrolysate was injected for sequencing, 559  7 and
96.8%  0.3% for 1 g injection (the missed amino
acids were Q57, C58, 214TSSARQRLRC223, 268CCH270,
536ICTLPD541 in run 1, and 214TSSARQRLRC223,
584ADDKEAC590 in run 2), 625  4 and 97.5%  0.8% for
2 g injection (the missed amino acids were T214, S215,
268CCH270, 586DKEAC590 in run 1, and 214TSSARQR-
LRC223, 268CCH270, I536, C537, 586DKEAC590 in run 2), and
670 3 and 99.2% 0.8% for 4 g injection (the missed
amino acids were 214TSSARQRLRC223 in run 1, andnone in run 2). As expected, sequence coverage is
reduced when less sample is injected. When the injec-
tion amount is equal to or above 1 g, sequence
coverage of greater than 97% can be obtained. A few
amino acids were occasionally missed in a given run,
likely due to the ion suppression effect in ESI, although
we cannot rule out the possibility of some of the peptide
bonds not being hydrolyzed as efficiently as others.
The above work indicates that TFA MAAH com-
bined with LC-ESI MS/MS can be used to obtain near
complete sequence coverage of a protein and thus it is
quite suitable for investigating any amino acid se-
quence variation, such as the case of a natural amino
acid variant of BSA. We believe that this technique
should work for any size of protein. However, for a
protein larger than BSA, more separation at the peptide
level (e.g., using 2D-LC, instead of 1D-LC) may be
required to identify a greater number of peptides to
cover the entire protein sequence. Our work indicates
that for a protein size of up to that of BSA, 1D-LC
separation combined with ESI MS/MS is sufficient to
cover the entire sequence.
Characterization of Bovine -Casein
Phosphorylation Sites
Amore challenging application of the technique of TFA
MAAH LC-ESI MS/MS is in the area of characterizing
post-translational modifications (PTMs) of proteins.
However, this technique should work well to generate
information on PTMs, as it provides near complete
sequence coverage of a protein. One example of PTM
analysis is shown for the characterization of a phospho-
protein, bovine -casein. This protein is known to exist
as a single phosphoform containing 5 phosphate groups
[40]. It has been widely used as a model protein for
MS-related technical and method development aimed
at phosphoprotein characterization. For example, tryp-
sin digestion of -casein, followed by Fe3-IMAC
enrichment of phosphopeptides and MALDI MS/MS
analysis, has been used to detect five phosphopeptides
covering the 5 known phosphorylation sites [41]. Tita-
nium dioxide (TiO2) has been used as an alternative to
enrich phosphopeptides with higher efficiency [42, 43].
Other materials such as zirconium dioxide have also
been used to enrich phosphopeptides of -casein digest
[44]. However, the number of peptides detected from a
tryptic digest is often limited and thus it is very difficult
to cover the entire sequence, even for a small protein
such as -casein [45]. This is a well recognized issue
related to the bottom-up proteome analysis method [9].
Bovine -casein has been studied by using the top-
down method with collisionally induced dissociation
(CID) and electron capture dissociation (ECD) [46].
ECD, which was shown to be superior to CID, frag-
mented 87 of the 208 backbone bonds, representing 42%
sequence coverage. These fragment ions allowed the
positive identification of one phosphorylation site (Ser-
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to certain sequence regions [46]. Plasma ECD has been
shown to fragment 126 of the 208 backbone bonds,
which covered the five phosphorylation sites [47]. Bo-
vine -casein has also been subjected to middle-down
CID MS/MS analysis where Lys-C was used as an
enzyme to produce peptides of middle size, 5000 to
10,000 Da [45]. Combined with trypsin digestion, se-
quence coverage of 97% was attained. Using both MS2
and MS3 in an ion trap FT-MS for sequencing small and
middle sizes of peptides, five known phosphorylation
sites could be identified [45].
In our work, a total of 3182 MS/MS spectra were
collected from the injection of about 2 g of bovine
-casein hydrolysate onto LC-ESI MS/MS, resulting in
the matching of 1527 peptides with the protein se-
quence. Among them, 977 peptides were unique ones
with or without modifications. These peptides and their
sequences along with MASCOT scores are listed in
Supplemental Table S2. Note that, in Table S2, there are
many deamidated peptides. Peptide deamidation was
induced by the MAAH process. In some cases, a unique
peptide sequence can have zero, one, or two deamida-
tion sites. It was found that the concurrent presence of
two or three peptides with different deamidation sites
was very useful for confirming peptide sequence as-
signments. Figure 2 shows the protein sequence and
the sequences of the detected phosphopeptides that are
underlined. The 977 peptides detected cover the entire
sequence of -casein. Among them, 36 peptides are
phosphopeptides. As Figure 2 shows, five sites out of
Figure 2. Protein sequence of bovine -casein and sequence cover-
age from the hydrolysate peptides detected. The entire sequence was
covered by the 977 peptides identified from the hydrolysate. The
known phosphorylation sites are double-underlined with “  ”.
The sequence coverage of the 36 phosphopeptides detected is
underlined.five known phosphorylation sites were found. No ad-
ditional phosphorylation sites were detected. Several
representative mass spectra from the phosphopeptides
covering the five phosphorylation sites are shown in
Figure 3. These spectra are of high quality, allowing
unambiguous assignment of the phosphorylation sites.
Moreover, for each phosphorylation site, several phos-
phopeptides containing the phosphorylated amino acid
were detected (see Figure 2). The overlapping sequence
coverage from these phosphopeptides provides confir-
matory information on the phosphorylation site assign-
ment. This example illustrates that the technique of TFA
MAAH LC-ESI MS/MS can be used to map the entire
protein sequence and identify the modified amino acids
in a relatively simple manner for this phosphoprotein.
Characterization of Bovine S1-Casein
Phosphoforms
Bovine S1-casein is another model protein commonly
used for phosphoprotein analysis method develop-
ment. However, this protein is more complex than
-casein. Bovine S1-casein is known to consist of one
major and one minor component that have the same
amino acid sequence, but differ in their degree of
phosphorylation [40]. The major component contains
eight phosphate groups (S1-casein 8P) and the minor
component contains one additional phosphorylated
serine residue at position 41 (S1-casein 9P) (see Figure
4a for the protein sequence). A recent work using HPLC
separation of proteins followed by top-down and
bottom-upMS analysis revealed that the bovine S1-casein
sample purchased from Sigma-Aldrich contained two
variants of S1-casein, Variant B and Variant C, which
differs by one amino acid (Glu-192 for B and Gly-192 for
C) [48]. Accurate mass measurement by FT-ICR-MS
indicated that Variant C had seven to nine phosphate
groups and Variant B had six to nine phosphate groups.
Intact protein CID spectra were generated for individ-
ual Variant C phosphoforms containing 7 to 9 phos-
phate groups. Similar to the -casein case as discussed
above, due to limited backbone breakages (33 fragment
ions were assigned in one case), the information from
the CID spectra only narrowed down the sequence
regions of the phosphorylation sites. The authors ap-
plied the bottom-up method on the fractionated protein
sample using trypsin digestion [48]. Only two sites from
one phosphopeptide CID spectrum could be positively
assigned to the protein sequence. This work under-
scores the challenge of characterizing various isoforms
of bovine S1-casein.
Contrary to limited report on top-down analysis
of bovine S1-casein, there were many reports of
bottom-up analysis of this protein. For example, with
trypsin digestion and phosphopeptide enrichment by
IMAC [41] or TiO2 column [42, 43], eight phosphopep-
tides could be detected, covering nine phosphorylation
sites. LC-MALDI MS/MS analysis of tryptic peptides
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including five phosphopeptides covering nine phos-
phorylation sites [49]. However, these methods could
not identify various phosphoforms of S1-casein that
are known to exist [40]. We have applied the TFA
MAAH LC-ESI MS/MS technique to characterize a
bovine -casein sample purchased from Sigma-Aldrich,
which was the material supplier for almost all reported
Figure 3. MS/MS spectra of four peptides matched with se-
quences containing 5 phosphorylation sites in bovine -casein.
The peptide sequences are (a) RELEELNVPGEIVEpS, (b) RELEEL-
NVPGEIVEpSLpS, (c) pSpSEESITRINKK, and (d) SITRINKKIEK-
FQpSEEQ.MS papers related to bovine S1-casein. Detailed char-acterization of this sample should be of significant, not
only for the understanding of the structural diversity of
bovine -casein, but also for the mass spectrometry
researchers who would use this type of sample as a
standard for method development.
We first attempted to use direct infusion ESI and
then reversed-phase LC-ESI MS on both TOF and
FT-ICR instruments to determine the molecular masses
of the major components present in the bovine -casein
sample. Direct infusion ESI did not provide any useful
information on the molecular masses of the protein
sample as an unresolved, broad peak was observed,
likely due to many adduct ions present in the spectra;
phosphates are easy to form adduct ions with many
counter ions present in the sample, container and/or
capillary tubes. In LC-ESI MS, we could not separate the
protein components well and many peaks were ob-
served in the molecular ion region in the mass spectra.
However, we could not readily assign these peaks; they
were likely from salt and other adduct ions of different
forms of caseins. We then used the MALDI TOF/TOF
instrument to generate some information on the protein
components of the sample. Figure 4b shows the MALDI
MS spectrum of the bovine -casein sample along with
the expanded spectra over the singly and doubly
charged molecular ion regions. The mass resolution in
the m/z region corresponding to the doubly charged
molecular ions is sufficient to resolve some of the major
components. Knowing the possible phosphoforms and
variants that exist for bovine S1-casein [40], we can
tentatively assign most of the peaks shown in Figure 4b
based on their molecular masses. The major peak at m/z
11,809 is from the doubly charged protonated S1-
casein, Variant B, with eight phosphate groups or
S1-casein B-8P (the nomenclature is taken from the
recommended guidelines [40]) [MH2
2, Mt 23,616 Da
(theoretical mass) and Mm 23,616 Da (measured mass)].
The two peaks at m/z 11,912 and 11,921 are from the
sinapinic acid (SA) adduct ions [MH2(SA-18)
2, 23,822
Da; MH2SA
2, 23,840 Da]. The peak at m/z 11,849 can be
assigned to the protonated S1-casein, Variant B, with
nine phosphate groups or S1-casein B-9P (MH2
2,
23,696 Da). Another peak at m/z 11,772 is most likely
from the overlap signals of protonated S1-casein, Vari-
ant B, with seven phosphate groups or S1-casein B-7P
(MH2
2, 23,536 Da) and protonated S1-casein, Variant
C, with eight phosphate groups or S1-casein C-8P
(MH2
2, 23,544 Da). Other unassigned peaks may be
from impurities (the sample contained 70% -casein
according to the supplier) and salt/matrix adduct ions
of proteins.
The above MALDI MS results indicated that the
-casein sample might contain S1-casein, Variant B,
with seven, eight, and nine phosphate groups and
possibly Variant C with eight phosphate groups. Likely
other phosphoforms of Variant C (e.g., those containing
seven or nine phosphate groups) were present in the
sample, but their peaks were not resolved in MALDI
MS. As shown below, this sample also contained a small
nd d
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Figure 4b do not show any peaks corresponding to the
possible phosphoforms of S2-casein in the mass range
between 25,000 and 25,500 Da. The signals of these
proteins were likely suppressed by the dominant spe-
cies, S1-casein. We note that it has been shown that
complete separation of various casein isoforms was not
possible using a HPLC system even equipped with a
long, 70-cm C5 column [48]. Thus, even if a more
effective HPLC fractionation method were applied to
the sample, one would still end up with a mixture,
albeit with reduced complexity. So the question is how to
map the phosphorylation sites from a sample containing a
mixture of phosphoforms and/or protein variants. Our
strategy is to generate two peptide sequence maps, one
from the hydrolysate of the -casein sample and another
one from the IMAC enriched peptides from the hydroly-
sate, and then compare the two maps to generate infor-
mation on the phosphorylation sites and possibly assign
them to individual phosphoforms (i.e., those containing
seven to nine phosphate groups).
In the analysis of the -casein hydrolysate using
Figure 4. (a) Protein sequence of bovine S1
double-underlined with “  ”. (b) MALDI-TOF m
with the expanded spectra covering the singly aLC-ESI MS/MS, a total of 3262 MS/MS spectra werecollected in a single run. These spectra matched with
1455 peptides (911 unique ones) from S1-casein B (see
Supplemental Table S3). Except one amino acid, S48, all
other amino acids are covered by these peptides with
much redundant sequence coverage from overlapping
peptide sequences. When the protein sequence in the
MASCOT search was changed to S1-casein C, 131
peptides (52 unique ones) were matched to the variant
site (i.e., all these peptides contained Gly-192, instead of
Glu-192) (see Supplemental Table S4A). In the case of
Variant B, 21 peptides (12 unique ones) were matched
to the variant site, i.e., the peptides containing Glu-192
(see Supplemental Table S4B). There are more peptides
matched with Variant B than Variant C, which is likely
due to the difference in protein concentration. This
notion is consistent with the MALDI MS result which
showed much higher signals from Variant B than Vari-
ant C. Since only one amino acid close to the C-terminus
is altered in a protein containing 273 amino acids, it is
reasonable to assume that the ionization efficiency for
Variant B is very similar to that of Variant C. Based on
the MALDI signal intensities of Variant B-8P and Vari-
in, Variant B, with the phosphorylation sites
spectrum of the -casein sample analyzed along
oubly charged molecular ion regions.-case
assant C-8P (assuming equal contribution from Variant
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11,172), it can be estimated that the concentration of
Variant C in the sample was less than 10% of Variant B.
Because near complete sequence coverage of -casein
was obtained, the hydrolysate MS/MS spectra were
searched again using the sequences of other known
variants (i.e., Variant A, D–H) [40]. None of these
variants could be found. Thus, it can be concluded that
the -casein sample was composed of a major compo-
nent, Variant B, and a minor component, Variant C.
Among the 911 unique peptides matched with S1-
casein B, there are 165 phosphopeptides (18%). These
are mainly singly or doubly phosphorylated peptides
that can be used to assign eight phosphorylation sites in
S1-casein. To increase the detectability of phosphopep-
tides, particularly those containing multiple phosphate
groups, IMAC with Fe3-immobilized beads was used
to enrich the phosphopeptides from the hydrolysate.
LC-ESI MS/MS analysis of the enriched sample gener-
ated 4023 MS/MS spectra, resulting in 1171 peptides
(588 unique ones) matched to S1-casein B (see Supple-
mental Table S5). From these many phosphopeptide
matches, we can readily locate the phosphorylation
sites in the -casein sequence. Combined with the
peptide sequence map generated from the un-enriched
hydrolysate, we can also pinpoint which S, T, or Y is not
phosphorylated with high confidence.
Figure 5 shows the MS/MS spectra of several pep-
tides along with sequence assignments that cover nine
phosphorylation sites (S41, S46, S48, S64, S66, S67, S68, S75,
and S115). These phosphorylation sites have been re-
ported previously [40]. No spectral evidence supports
the presence of a phosphate group in other S, T, or Y.
There was one report from the top-down method sug-
gesting that Y144 and Y146 could be phosphorylated for
S1-casein [48]. Our data did not indicate any phosphor-
ylation on these two Y residues. Apparently the S1-
casein phosphoform containing nine phosphate groups
in this particular sample exists as only one form.
The phosphoform containing eight phosphate
groups should be the major component in the bovine
-casein sample. Among the nine phosphorylation sites
indicated above, S41 is positively identified as a site that
can exist as a nonphosphorylated serine. Figure 6a
shows the MS/MS spectrum of a peptide containing S41,
S46, and S48 along with the peak assignment, illustrating
that S41 is not phosphorylated. Many matched peptides
contain S46 and S48 and all suggest that these two sites
are phosphorylated. There are 23 spectral matches to
peptide sequences containing 59MEAESIS66 including 6
unique peptides. These spectra indicate that these two
sites are always phosphorylated. On S68 and S75, we
examined the spectral matches to peptide sequences
containing 68SEEIVPNS75 with S68 as the fixed N-terminus
(i.e., the C-terminal peptide ladders can be expanded
beyond S75). There are 88 spectral matches including 29
unique peptides, and all of them indicate that S68 and
S75 are phosphorylated. Similarly, we examined the
spectral matches to peptide sequences containing S75alone or S105 alone and found that these two sites were
always phosphorylated. However, S67 can exist as a
nonphosphorylated serine (see examples of MS/MS spec-
tra shown in Figure 6b, c). Strong evidence comes from the
inspection of the spectral matches to peptide sequen-
ces containing 67SSEEIVPNS75 with S67 as the fixed N-
terminus (Figure 6b). There are 78 spectra (28 unique pep-
tides) and 10 spectra (six unique peptides) matched
with peptide sequences containing three phosphory-
Figure 5. MS/MS spectra of five peptides matched with sequences
containing nine phosphorylation sites in bovine S1-casein 9P. The
peptide sequences are (a) KEKVNELpSKDIGpSEpSTED, (b) IKD-
MEAEpSIpS, (c) pSEEIVPNpSVEQKHIQK, (d) pSIpSpSpSEE-
IVPNpSVEQKHIQK, and (e) KKYKVPQLEIVPNpSAEERLH.lated serine and two phosphorylated serine, respec-
ted se
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phorylated serine as either S67 or S68 for the top two
ranked matches with almost the same scores. Appar-
ently, the MS/MS spectra could not positively differen-
tiate the two matches. Manual interpretation of the
Figure 6. (a) MS/MS spectrum of a representa
as a nonphosphorylated serine. The peptide
(b) SpSEEIVPNpSVEQKHIQKE, and (b) pSSpSE
shown in the spectra do not allow unambiguo
other MS/MS data indicate that S64, S66, an
identification of S67 as the sole nonphosphorylamatched spectra also failed to pinpoint which serinewas not phosphorylated. This difficulty has been noted
by others where a similar situation was encountered in
dealing with a cluster of serine in a short sequence
region of human -casein [50]. However, since S68 is
always phosphorylated as indicated earlier, only S67 in
eptide revealing that S41 in S1-casein can exist
uences are (a) KEKVNELSKDIGpSEpSTED,
NpSVEQKHIQK. The fragment ion information
signment of the un-modified serine. However,
8 are always phosphorylated, leading to the
rine (see Text).tive p
seq
EIVP
us as
d S6these sequences should be nonphosphorylated. It is
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phorylated S67 is low (10/88 or 11%), compared with
the presence of phosphorylated S68 in matched peptide
sequences (78/88 or 89%).
There are 23 matches to peptide sequences contain-
ing 64SISSS68 and, among them, five matches have all
four serine phosphorylated, while 18 matches have
three serine phosphorylated. Similarly, among the 52mat-
ches containing the sequence of 66SSSEE70, 28 matches
have three serine phosphorylated and 24 matches have
two serine phosphorylated in their sequences. MASCOT
search engine again could not pinpoint which S was
not phosphorylated. Manual inspection of the MS/MS
spectra also failed to locate the exact position of the
nonphosphorylated serine. However, as discussed ear-
lier, by examining the spectral matches from sequences
containing S64 and S66 as well as sequences containing
S68 and S75, we are able to determine that only S67 can
exist as the nonphosphorylated residue among the
cluster of serine from S64 to S115. Thus, we can conclude
that there are two possible phosphoforms containing
eight phosphate groups, i.e., the nine phosphorylation
sites shown in S1-casein 9P minus either S
41 or S67.
Among the two, minus S41 appears to be the major
phosphoform. This is inferred from the comparison of
the numbers of sequences matched with the phos-
phopeptides containing S41 or S67. For S41, there are 323
matched phosphopeptides (including the redundant
matches) containing the sequence of 41SKDIGSES48.
Only 29 of them (9%) have all three serine phosphory-
lated and the rest are doubly phosphorylated at S46 and
S68. The high occurrence rate of nonphosphorylated S41
(89%), compared with that of S67 (11%), should suggest
that the minus S41 phosphoform have higher concentra-
tion than the minus S67 phosphoform. This is consistent
with the common notion that the major form of bovine
-casein containing eight phosphate groups is the one
having phosphorylation sites at S46, S48, S64, S66, S67, S68,
S75, and S115 [40].
For the phosphoform containing seven phosphate
groups, our data did not provide any evidence on the
concurrent presence of two nonphosphorylated resi-
dues among S64, S66, and S67. No MS/MS spectra
matched with sequences containing both unmodified
S64 and S66 or unmodified S64 and S67, or unmodified S66
and S67. The only possibility of minus two phosphory-
lated sites from the nine sites is from minus S41 and S67.
Thus, there is only one possible phosphoform with
seven phosphate groups having phosphorylation sites
at S46, S48, S64, S66, S68, S75, and S115.
The above discussion illustrates that the TFAMAAH
method combined with LC-ESI MS/MS can be used to
assign the possible phosphorylation sites from various
phosphoforms of S1-casein containing seven to nine
phosphate groups and determine the presence of two
variants, B and C in the bovine -casein sample. To our
knowledge, such detailed phosphorylation site assign-
ments for bovine S1-casein have never been reported.
For future work, high-resolution protein separation isneeded to purify individual phosphoforms and/or vari-
ants so that phosphorylation sites can be unambigu-
ously assigned to a specific phosphoform [51]. A case in
point is related to the characterization of the other
minor component in the sample, S2-casein. Searching
the MS/MS spectra obtained from one single LC-MS
run of the hydrolysate against S2-casein resulted in 118
sequence matches including 62 unique peptides (see
Supplemental Table S6A). To detect more peptides, two
additional LC-MS runs (replicates) using the precursor
ion exclusion (PIE) strategy [30] were carried out.
Database search of the merged data from all three runs
resulted in the identification of 264 peptides (135
unique peptides; see Supplemental Table S6B). Supple-
mental Figure S4 shows the protein sequence coverage
of S2-casein by these peptides (79%). Using the MS/MS
spectra obtained from the IMAC-enriched sample, we
found 313 sequence matches, including 212 unique
phosphopeptides (see Supplemental Table S7). From
these data, eight out of 12 known phosphorylation sites
can be determined (see Supplemental Figure S4 for site
assignments). Clearly, because of the low concentration
of S2-casein present in the sample, both sequence and
phosphorylation site coverages are lower than those for
S1-casein. Fractionation of S2-casein from the sample
should improve the characterization of S2-casein.
Conclusions
We have developed a new set-up for microwave-
assisted acid hydrolysis that generates reproducible
hydrolysates using a simple domestic microwave oven.
We have combined this method with one dimensional
LC-ESI QTOF tandem MS for mapping protein se-
quences and modifications. Near complete sequence
coverage can be obtained for proteins with molecular
masses of up to 67 000 Da (i.e., BSA). For BSA, only
about 1 g of hydrolysate was required to generate
greater than 97% sequence coverage. Protein modifica-
tions, including phosphorylation, can be characterized.
In the case of bovine -casein, the entire sequence was
mapped, including information on five phosphoryla-
tion sites. For a bovine -casein sample, MALDI MS
analysis of the intact proteins indicated that it was a
mixture containing at least three different phospho-
forms with 7 to 9 phosphate groups plus two protein
variants, B and C. To characterize the phosphoforms, a
strategy based on the generation of two comprehensive
peptide maps, one from the hydrolysate and another
one from the IMAC-enriched peptides, was developed.
The two sequence maps covered the entire protein
sequence and many MS/MS spectra matched with the
phosphopeptides. It was shown that, in the sample
analyzed, bovine S1-casein phosphoform containing 9
phosphate groups existed in one form and their phos-
phorylation sites were assigned to S41, S46, S48, S64, S66,
S67, S68, S75 and S115. The phosphoform containing eight
phosphate groups existed in two possible forms with
the major one having phosphorylation sites at S46, S48,
1586 WANG AND LI J Am Soc Mass Spectrom 2010, 21, 1573–1587S64, S66, S67, S68, S75 and S115, and the minor one having
phosphorylation sites at S41, S46, S48, S64, S66, S68, S75 and
S115. The phosphoform containing 7 phosphate groups
existed in only one possible form with phosphorylation
sites at S46, S48, S64, S66, S68, S75 and S115.
It should be noted that many other modifications,
such as methylation, acetylation, oxidation, etc., do not
affect the peptide detectability significantly and their
modifications would be retained on amino acids after
hydrolysis, therefore, we expect that these modifica-
tions can be identified from the direct analysis of the
hydrolysate by LC-ESI MS/MS. However, glycosyla-
tion sites in a glycoprotein cannot be characterized by
the technique because glycans would be hydrolyzed
from the amino acid side chains, resulting in peptides
indistinguishable from the unmodified peptides. It is
interesting to note that MAAH has been reported to be
useful to generate oligosaccharide ladders for mass
spectrometric sequencing [52–54].
In addition to the use of this method to generate
reproducible sequence information on a purified pro-
tein or a simple mixture, this MAAH method should
also be applicable for generating hydrolysates from
more complex mixtures in shotgun proteomics. The
performance and applications of this method for shot-
gun proteomics will be reported in future publications.
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